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Abstract
X-ray computerized tomography (CT) was applied for the first time to the measurement of diffusion coefficients
of heavy ions in water-saturated clay and rock. The mass absorption coefficient of X-rays is high for heavy elements.
Thus the migration of heavy ions in the porous samples was measured by the spatio-temporal change in intensity of
X-ray CT images. The measurements of diffusion coefficients of I− in bulk water, synthesized saponite (96.6 wt%
H2O) and rhyolitic lava (porosity 24%) were demonstrated successfully. The one-dimensional transient migration of
I− was imaged by a medical X-ray CT scanner with an in-plane resolution of 0.31 mm. The measured I− diffusivity
in bulk water agreed well with that of the literature. Because non-destructive, quick and three-dimensional data
acquisition is possible, X-ray CT has advantages over conventional methods for laboratory experiments on heavy-
element diffusion in porous media.
© 2000 Elsevier Science B.V.
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1. Introduction visualizes the spatial distribution of elements with
high atomic numbers. Thus it is appropriate for
the imaging of the diffusive migration of heavyRocks and clays are often used as hydrological
barriers in waste disposals (e.g. Brookins, 1984; elements such as iodine. The advantages of the
X-ray CT technique over the conventional methodsLajudie et al., 1995; Madsen, 1998). Diffusion is
an important mechanism for the migration of are: (i) owing to the non-destructive imaging, it is
possible to observe the temporal evolution of thecontaminants in less permeable barriers. Hence
measurements of diffusion coefficients of contami- contaminants distribution in the same sample and
to analyze the sample by destructive measurementsnants in the barrier material have been performed
in terms of the waste disposal practice (e.g. Skagius after the X-ray CT experiment; (ii) data on the
spatial distribution of the concentration of diffu-and Neretnieks, 1986; Nakashima and Kita, 1989;
Idemitsu et al., 1990; Shackelford, 1991; Kato sants can be obtained as a CT image in a short
time (e.g. acquisition of a few hundred thousandet al., 1995).
The use of X-ray computerized tomography data points in 9 s is possible); and (iii) X-ray CT
enables us to observe the three-dimensional diffu-(CT) for the diffusion measurements is proposed
sion in a heterogeneous and/or anisotropic sample.in the present paper. X-ray CT quantitatively
I− diffusion experiments in two typical porous
media (clay and rock) saturated with water at* Fax: +81-298-61-3618.
E-mail address: yoshito@gsj.go.jp (Y. Nakashima) room temperature were carried out. The objective
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of the experiments was to show that X-ray CT time of X-ray [time for the 360° rotation of the
X-ray tube, Fig. 1(b)] is 4 s. The time for thewas a reliable new technique for the measurement
of the heavy-ion diffusion. The present study is image reconstruction by Fourier transformation is
5 s. Thus, the time necessary for the acquisition ofthe first application of the X-ray CT technique to
the diffusion study on porous media. a single two-dimensional image is as short as
4+5=9 s.
The degree of X-ray attenuation increases lin-
early with the molar concentration of electrolytes2. X-ray CT technique
[Fig. 2(a)] and bulk density of solutions
[Fig. 2(b)]. The degree of attenuation is conven-X-ray CT is a radiological imaging system first
developed by Hounsfield (1973). It was only for tionally expressed as non-dimensional CT number
(in Hounsfield units) normalized by the attenua-medical use at first; but geological applications
have been performed since the 1980s (e.g. tion coefficient of pure water (e.g. Kawamura,
1990; Colletta et al., 1991; Inazaki et al., 1995;Wellington and Vinegar, 1987; Raynaud et al.,
1989; Colletta et al., 1991; Inazaki et al., 1995; Ohtani et al., 2000). Thus it is reasonable to
assume that the molar concentration of heavy ionsNakashima et al., 1997; Ohtani et al., 1997;
Nakashima et al., 1998; Ohtani et al., 2000). The in a voxel (volume element) of an image increases
linearly with the CT number of the voxel. Theprinciple of imaging is as follows (e.g. Wellington
and Vinegar, 1987). (i) The attenuation of two- mode of the photon energy distribution of X-rays
is about 50 keV for W2000. Around this energydimensional fan-beams of X-rays which penetrate
a sample is measured by an array of detectors. level, the principal absorption mechanism of X-ray
passing through matter is the photoelectric absorp-These X-ray projection data from various direc-
tions are obtained by the 360° rotation of the tion sensitive to the atomic number (MacGillavry
and Rieck, 1962). As a result, the CT number ofX-ray source. (ii) A two-dimensional image about
the distribution of linear X-ray attenuation coeffi- solutions strongly depends on the atomic number
of the heaviest element in the solutions [Fig. 2(c)].cients is reconstructed using the projection data
by Fourier transformation. A three-dimensional This enables us to image a substance with low
concentration but high atomic number, which isdata set of the sample is obtained by stacking
contiguous two-dimensional images. The degree of appropriate to the diffusion measurements of
heavy ions.X-ray attenuation depends on the density and
atomic number of the sample (MacGillavry and
Rieck, 1962; http://physics.nist.gov/PhysRefData/
XrayMassCoef/cover.html ). Higher density and 3. Experiments of I− diffusion
higher atomic number yield higher attenuation of
X-rays. Hence, X-ray CT enables us to visualize Diffusion of KI in water-saturated clay and
rock was measured to demonstrate that X-ray CTwhere elements with high atomic numbers concen-
trate. This gives the basis for the diffusion measure- was a reliable new technique for the quick and
non-destructive measurement of the heavy-ionment of heavy ions by X-ray CT.
An X-ray CT scanner, W2000 (Hitachi Medical diffusion. The transient method with a single reser-
voir (Shackelford, 1991) was used as an experimen-Co., Tokyo, Japan) at the Geological Survey of
Japan was used in the present study. It is the third- tal scheme. The iodine-bearing electrolyte was
chosen because: (i) radioactive 129I is important ingeneration medical scanner (Fig. 1). A target
(Mo–W alloy) in an X-ray tube is attacked by the disposal of nuclear wastes; and (ii) since iodine
is a non-sorbing species, a simple diffusion modelelectrons accelerated at 120 kV with a 175 mA
current. An X-ray fan-beam from the tube penet- is applicable to the data analysis. K+ ions as well
as I− ions diffuse in the experiments. However,rates a sample on a bed made of carbon. The
intensity of the X-ray beam after the sample penet- the contribution of K+ to the CT image intensity
is negligible owing to the low atomic numberration is measured by 768 detectors. The exposure
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(a) (b)
Fig. 1. (a) Photograph of the main component of the medical X-ray CT scanner W2000. Sliding bed for patients and gantry unit for
the generation and detection of X-rays. The height and inside diameter of the gantry are 190 cm and 66 cm, respectively. There is a
diffusion cell (cylindrical plastic container) used in Figs. 3 and 4 on the black bed. (b) Schematic illustration of the gantry unit. While
the bed and sample remain stationary during imaging, a circular frame (shaded) with the X-ray tube and detectors rotates by 360°.
As a result, X-ray projection data from various directions are obtained.
[Fig. 2(c)]. Thus only the migration of I− ions 886 A.D. The rhyolite contains biotite, quartz and
plagioclase (about 1 mm) as phenocrysts (Isshiki,was imaged.
Porous samples used are synthesized clay (sapo- 1987). The porosity of the sample used was 24%.
Water saturation was performed by putting thenite) and natural rock (rhyolitic lava). The saponite
(tri-octahedral smectite) sample is a standard rhyolite into water in a vacuum chamber. A diffu-
sion coefficient of I− in bulk water was alsosample (JCSS series) from the Japan Clay Science
Society (Nakashima et al., 1999). The JCSS3501 measured to check the accuracy of the experiments.
The imaging conditions were as follows. Thesample used contains 96 wt% saponite and 4 wt%
amorphous minerals. The principal exchangeable slice thickness (thickness of the X-ray fan-beam)
was 5 mm for the bulk water and clay experimentscation is Na. A 3.4 wt% clay suspension without
air-filled voids was prepared by adding deionized and 10 mm for the rhyolite experiment. The
in-plane resolution (voxel size) of the obtainedwater to the sample followed by centrifugation.
Scanning electron microscopy (Cryo-SEM) of images was 0.31 mm. The original image consisted
of 512×512 voxels and thus the field of viewfrozen suspensions of the JCSS sample revealed
that the pore size of the clay network structure (FOV ) was 512×0.31 mm#16 cm. A part was
extracted from each image to calculate the diffu-was about 1 mm (Monma et al., 1997). The rhyo-
litic lava sample is from the Mukaiyama volcano sion coefficients. Water may escape by evaporation
from the wet sample, which could yield undesired(Nii Jima Island, Tokyo, Japan) which erupted in
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effects on the diffusion. In order to prevent this
water loss, samples were put in a plastic container
during experiments. CT numbers range from
−2000 to 4000 Hounsfield units, so that the
precision of data is log2(4000+2001)#12.6 bits.
The duration of the diffusion experiments was
55.2 h at most. The colour of the KI solution
remained transparent throughout the experiments,
which implied that the undesired genesis of I−3
(yellow) was negligible ( Kita et al., 1989). All
imaging experiments were carried out at 25°C.
The one-dimensional diffusion of I− ions was
imaged by X-ray CT. The exact solution of the
one-dimensional diffusion in a homogeneous semi-
infinite medium [0, 2 ] for the initial condition








where C is the concentration of I−, x is the
distance from the origin, t is the elapsed time and
D is the diffusion coefficient (e.g. Crank, 1975).
Some line profiles of C along the x-axis were
extracted from images and fitted to Eq. (1) by a
least squares method to find D.
4. Results and discussion
X-ray CT images of the I− diffusion in bulk
water are shown by Fig. 3(a). Three snapshots of
a diffusion cell (plastic container) on a bed are
shown. The gray-scale is common to the three
images. Dense KI solution was injected at the
bottom of the container by a syringe at t=0 s.
KI-rich voxels are the brightest, voxels occupied
by KI-poor or pure water are dark, and the




512×512=262 144 data points was obtained in
Fig. 2. CT number (in Hounsfield units) of some aqueous 9 s. It should be noted that 9 s is much shorter
electrolyte solutions measured by W2000. Lines fitted by a least
than the data acquisition time by conventionalsquares method are also shown. (a) Linear dependence of molar
methods (e.g. slicing the sample into thin sections,concentration of each electrolyte on the CT number. (b) Linear
dependence of the bulk density of the solutions. (c) Power extracting target species, and determining the con-
dependence of atomic number of the heaviest element in each centration; Shackelford, 1991). The accuracy of
solution (the exponent is 3.2). The vertical axis is the slope of X-ray CT experiments can be checked by this bulk
(a). The coordinate of the horizontal axis is, for example, 17
water experiment. The diffusivity of KI in bulkfor 11Na17Cl and 58 for 58Ce17Cl3.
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(a)
(b)
Fig. 4. I− diffusion in clay (saponite with 96.6 wt% H2O). (a)
Two-dimensional X-ray CT images. The image dimension is
4.6 cm×8.3 cm. (b) Profiles of CT number along a broken line
(a)
(b)
(4.0 cm in length) in (a). x is the distance from the filter paper.Fig. 3. I− diffusion in bulk water. (a) Two-dimensional X-ray
Curves fitted by a least squares method are also shown. D isCT images. The dimension of each image is 4.7 cm×9.8 cm.
found from calculation to be 1.8×10−9 m2/s (t=63 min),(b) Profiles of CT number (in Hounsfield units) along a broken
1.7×10−9 m2/s (t=156 min), and 1.6×10−9 m2/s (t=562 min).line (4.7 cm in length) in (a). x is the distance from the bottom
of the container. Gaussian curves [Eq. (1)] fitted by a least
squares method are also shown. By the fitting, D is calculated
to be 2.2×10−9 m2/s (t=48 min), 2.1×10−9 m2/s (t=184 min), Diffusion of I− in saponite is shown by
and 2.0×10−9 m2/s (t=552 min). Fig. 4(a). Three snapshots of a diffusion cell [iden-
tical to Fig. 3(a)] on a bed are shown. The gray-
scale is common to the three images. Filter paper
immersed in KI solution was put on the clay atwater at 25°C ranges from 1.9 to 2.3×10−9 m2/s
(James and Lord, 1992). On the other hand, the t=0 s after Nakashima and Kita (1989). Obtained
line profiles [Fig. 4(b)] are of high S/N ratio, socalculated D by Fig. 3(b) is 2.0–2.2×10−9 m2/s
which agrees well with the literature. Therefore, it that the fitting by Eq. (1) is good. The diffusivity
of I− in saponite (1.6–1.8×10−9 m2/s) is nearlywas concluded that X-ray CT experiments were
carried out in a reliable manner. equal to that of water in saponite (2.06×
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10−9 m2/s; Nakashima et al., 1999). Thus non-
sorbing I− ions are as mobile as water molecules
in the clay. The tortuosity of porous media is
defined as (diffusivity in bulk water)1/2/
(diffusivity in porous media)1/2 (e.g. Nakashima,
1995). The tortuosity of JCSS3501 saponite
(96.6 wt% H2O) was found to be (2.37×10−9)1/2/
(2.06×10−9)1/2=1.1 by 1H2O diffusion experi-
ments (Nakashima et al., 1999). On the other
hand, the I− diffusion experiments (the present
study) give a tortuosity of (2.0–2.2×10−9)1/2/
(1.6–1.8×10−9)1/2=1.1–1.2. This is nearly equal
to the tortuosity calculated by 1H2O diffusion.
This is a consequence of I− as well as H2O being
non-sorbing.
Diffusion of I− in water-saturated rhyolite is
shown by Fig. 5(a). Two snapshots of a rhyolite
block are shown. The gray-scale is common to
both images. Filter paper immersed in KI solution
was put beneath the rhyolite block at t=0 s. A
plastic container for the prevention of water evapo-
ration is hardly visible owing to its low CT number.
Phenocrysts (e.g. Fe-bearing biotite) of about
1 mm were scattered in the sample. This pre-
existing heterogeneity yielded noise (significant
fluctuations of CT numbers in a single line profile)
and reduced the S/N ratio in the D-fitting as
demonstrated in the ‘raw data’ of Fig. 5(b). This
difficulty was avoided by the following special data
processing: (i) take an average of 112 line profiles
and (ii) take the difference between an image of
KI-present and that of KI-absent [Fig. 5(b)]. As
a result, D-fitting as good as Figs. 3 and 4 was
performed to obtain 1.9×10−10 m2/s (t=4.9 h)
and 1.8×10−10 m2/s (t=55.2 h). Thus the
calculated tortuosity is (2.0–2.2×10−9)1/2/
(a)
(b)
(1.8–1.9×10−10)1/2=3.2–3.5. This is a reasonable Fig. 5. I− diffusion in rhyolite. (a) Two-dimensional X-ray CT
value for the rock of porosity 24% (Nakashima, images. The dimension of each image is 5.3 cm×6.6 cm. (b)
Line profiles of CT number. x is the distance from the bottom1995).
of the rhyolite block. The ‘raw data’ refers to a profile along aIn the present study, a commercially available
broken line (3.9 cm in length) in (a). The ‘112 average’ is anCT system was applied successfully to the diffusion
average of 112 lines over a rectangle indicated in (a). The ‘back-
measurement of iodine in porous media. Medical ground’ is an average of 112 lines in an image before the KI
CT was used to observe the centimeter-order invasion into the rock. The ‘corrected’ refers to a difference
between the ‘112 average’ and the ‘background’. Eq. (1) wasdiffusion in the experiments. The measurement of
fitted to the corrected profiles.the micron-order diffusion would also be possible
if industrial high-resolution CT (e.g. Hirano and three-dimensional measurement is possible, X-ray
CT is a promising instrument for the laboratoryUsami, 1989; Nakashima et al., 1997) is used.
Because quantitative, non-destructive, quick, and diffusion study of heavy ions.
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measurement of an ion in pore water of granite and tuff.Acknowledgements
J. Japan Soc. Eng. Geol. 30, 26–32. (in Japanese with Eng-
lish abstract).
Comments by F. Madsen and an anonymous Lajudie, A., Raynal, J., Petit, J.C., Toulhoat, P., 1995. Clay-
reviewer were helpful. The author thanks N. Isshiki based materials for engineering barriers: a review. Mater.
Res. Soc. Symp. Proc. 353, 221–230.and Y. Kanai for providing research facilities for
MacGillavry, C.H., Rieck, G.D., 1962. International Tables forthis study. The image analysis was performed using
X-ray Crystallography Vol. III. The Kynoch Press,the public domain NIH Image Program (developed
Birmingham.
at the US National Institutes of Health and avail- Madsen, F.T., 1998. Clay mineralogical investigations related
able on the Internet at http://rsb.info.nih.gov/nih- to nuclear waste disposal. Clay Miner. 33, 109–129.
Monma, T., Kudo, M., Masuko, T., 1997. Flow behaviors ofimage/). This study was supported by a grant from
smectite/water suspensions in terms of particle-coagulatedthe Science and Technology Agency of the
structures. J. Clay Sci. Soc. Japan 37, 47–57. (in JapaneseJapanese Government.
with English abstract).
Nakashima, S., 1995. Diffusivity of ions in pore water as a
quantitative basis for rock deformation rate estimates. Tec-
tonophysics 245, 185–203.
References Nakashima, S., Kita, H., 1989. Diffusion and fixation of a
mobile radionuclide in deep sea sediments. In: Freeman, T.J.
(Ed.), Disposal of Radioactive Waste in Seabed Sediments.Brookins, D.G., 1984. Geochemical Aspects of Radioactive
Waste Disposal. Springer, Berlin. Graham and Trotman, London, pp. 151–164.
Nakashima, Y., Hirai, H., Koishikawa, A., Ohtani, T., 1997.Colletta, B., Letouzey, J., Pinedo, R., Ballard, J.F., Bale´, P.,
1991. Computerized X-ray tomography analysis of sandbox Three-dimensional imaging of arrays of fluid inclusions in
fluorite by high-resolution X-ray CT. N. Jb. Miner. Mh.models: examples of thin-skinned thrust systems. Geology
19, 1063–1067. December, 559–568.
Nakashima, Y., Nakashima, S., Gross, D., Weiss, K.,Crank, J., 1975. The Mathematics of Diffusion. Oxford Univer-
sity Press, New York. Yamauchi, K., 1998. NMR imaging of 1H in hydrous miner-
als. Geothermics 27, 43–53.Hirano, T., Usami, K., 1989. High resolution monochromatic
X-ray tomography using synchrotron radiation. Jpn. Nakashima, Y., Mitsumori, F., Nakashima, S., Takahashi, M.,
1999. Measurement of self-diffusion coefficients of water inJ. Appl. Phys. 28, 263–266.
Hounsfield, G.N., 1973. Computerized transverse axial scan- smectite by stimulated echo 1H nuclear magnetic resonance
imaging. Appl. Clay Sci. 14, 59–68.ning (tomography). Part 1. Description of system. Br.
J. Radiol. 46, 1016–1022. Ohtani, T., Nakashima, Y., Muraoka, H., 1997. Three-dimen-
sional imaging of miarolitic cavities in the Kakkonda graniteIdemitsu, K., Ishiguro, K., Yusa, Y., Sasaki, N., Tsunoda, N.,
1990. Plutonium diffusivity in compacted bentonite. Eng. using X-ray CT. J. Geotherm. Res. Soc. Japan 19, 209–216.
(in Japanese with English abstract).Geol. 28, 455–462.
Inazaki, T., Inouchi, Y., Nakano, T., 1995. Use of medical Ohtani, T., Nakashima, Y., Muraoka, H., 2000. Three-dimen-
sional miarolitic cavity distribution in the Kakkonda graniteX-ray CT scanner for nondestructive and quantitative
analysis of lake sediments. Bull. Geol. Surv. Japan 46, from borehole WD-1a using X-ray computerized tomogra-
phy. Eng. Geol. 56, 1–9. (this issue).629–642. (in Japanese with English abstract).
Isshiki, N., 1987. Geology of the Nii Jima district. Geological Raynaud, S., Fabre, D., Mazerolle, F., Geraud, Y., Latie´re,
H.J., 1989. Analysis of the internal structure of rocks andsheet map scale 1:50 000. Geol. Surv. Japan (in Japanese
with English abstract). characterization of mechanical deformation by a non-
destructive method: X-ray tomodensitometry. Tectonophy-James, A.M., Lord, M.P., 1992. Macmillan’s Chemical and
Physical Data. Macmillan Press, London. sics 159, 149–159.
Shackelford, C.D., 1991. Laboratory diffusion testing for wasteKato, H., Muroi, M., Yamada, N., Ishida, H., Sato, H., 1995.
Estimation of effective diffusivity in compacted bentonite. disposal — A review. J. Contam. Hydrol. 7, 177–217.
Skagius, K., Neretnieks, I., 1986. Porosities and diffusivities ofMater. Res. Soc. Symp. Proc. 353, 277–284.
Kawamura, T., 1990. Nondestructive, three-dimensional den- some nonsorbing species in crystalline rocks. Water
Resource Res. 22, 389–398.sity measurements of ice core samples by X-ray computed
tomography. J. Geophys. Res. 95, 12 407–12 412. Wellington, S.L., Vinegar, H.J., 1987. X-ray computerized
tomography. J. Pet. Technol. August, 885–898.Kita, H., Iwai, T., Nakashima, S., 1989. Diffusion coefficient
